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1995.-The rates of protein synthesis and degradation and of amino acid transport were determined in the leg muscle of untrained postabsorptive normal volunteers at rest and N 3 h after a resistance exercise routine. The methodology involved use of stable isotopic tracers of amino acids, arteriovenous catheterization of the femoral vessels, and biopsy of the vastus lateralis muscle. During postexercise recovery, the rate of intramuscular phenylalanine utilization for protein synthesis increased above the basal value by 108 t 18%, whereas the rate of release from proteolysis increased by 51 t 17%. Muscle protein balance improved (P < 0.05) after exercise but did not become positive (from -15 t 12 to -6 t 3 nmol phenylalaninemmin l 100 ml leg volume-l).
After exercise, rates of inward transport of leucine, lysine, and alanine increased (P < 0.05) above the basal state from 132 t 16 to 208 2 29, from 122 * 8 to 260 t 8, and from 384 2 71 to 602 2 89 nmolmin-lo 100 ml leg-l, respectively. Transport of phenylalanine did not change significantly. These results indicate that, during recovery after resistance exercise, muscle protein turnover is increased because of an acceleration of synthesis and degradation. A postexercise acceleration of amino acid transport may contribute to the relatively greater stimulation of protein synthesis.
phenylalanine; protein synthesis; muscle biopsy; arteriovenous balance PHYSICAL ACTIVITY is necessary to maintain normal muscle mass and strength and prevent muscle atrophy. Furthermore the increase in skeletal muscle size with resistance exercise training represents a fundamental biologic adaptation to an increased workload (16, 17) . From a dynamic point of view, such muscle hypertrophy results from changes in the rates of protein synthesis and/or breakdown. In addition, an acceleration of the rates of amino acid transport into muscle cells may contribute to muscle anabolism by increasing amino acid availability for protein synthesis. Studies suggest that muscle protein accretion occurs in the recovery phase after exercise rather than during the actual exercise period (6, 21).
The leucine tracer incorporation technique has shown that the rate of muscle protein synthesis in humans is increased after exercise (6, 7) and remains elevated for > 24 h (7). In these studies, muscle protein breakdown was not directly measured. However, the increase in protein synthesis was so large that if it were not accompanied by a concomitant increment in protein breakdown, exercise training would result in a greater increase in muscle size than actually occurs (17). Thus, whereas an increase in muscle protein breakdown can be presumed after exercise, this has not been directly demonstrated, and thus the magnitude of such a change in breakdown in relation to synthesis is not known. Results of animal studies showed that muscle uptake of the nonmetabolized amino acid analogue cx-aminoisobutyric acid was increased after exercise (29). However, the effects of physical exercise on the transport of the naturally occurring amino acids remain to be assessed.
To evaluate, in vivo, the postexercise changes of protein kinetics and amino acid transport in the human skeletal muscle, we have used stable isotopic tracers of amino acids in combination with the arteriovenous catheterization of the femoral vessels and the biopsy of the vastus lateralis muscle (2) . This approach allowed the separate assessment of the rates of intracellular amino acid appearance from proteolysis and from transport from plasma as well as the rate of protein synthesis. Amino acid and protein kinetics were assessed -3 h after completion of a heavy-resistance exercise routine involving leg muscle. Untrained subjects were studied in the postabsorptive state to avoid confounding variables such as hormonal and substrate changes and physiological consequences of training.
METHODS

Subjects
Five male volunteers (age, 24 2 2 yr; weight, 72 t 5 kg; height, 169 * 3 cm; body mass index, 24.9 t 1.5 kg/m") participated in the study. All subjects were healthy at the time of the study, none was taking medication, and none had a family history of diabetes. Each subject had a normal physical examination, electrocardiogram, blood count, plasma electrolytes, and liver and renal function. Leg volume (10,252 t 800 ml) was estimated using an anthropometric approach (2) . No subject was engaged in a regular exercise-training program for 2 1 yr before the study. The study design, purpose, and possible risks were carefully explained to each volunteer before written consent was obtained. The experimental protocol was approved by the Institutional Review Board of the University of Texas Medical Branch at Galveston. Each subject was studied twice. For 21 mo before each study, the subjects consumed a weight-maintaining diet containing 15-20% protein. On one occasion the subject was studied at rest, and on the other occasion the subject was studied immediately after a resistance workout.
Five to 10 days before the first study, subjects were familiarized with the exercise protocol, and their 10 and 12 repetition maximum (RM) was determined.
Ten and 12 RM represent the maximum weight that a subject can possibly lift for 10 and 12 repetitions, respectively. Their average 10 RM of the knee extensor muscles (2 legs) was 64 * 6 kg. of the precursor during the incorporation period, i.e., between 60 and 240 min. At 60 min the first muscle biopsy was taken to measure isotopic carbon enrichment of bound and free phenylalanine in muscle. The biopsy was taken from the lateral portion of the right vastus lateralis muscle, -20 cm above the knee, with use of a 4-mm Bergstrom biopsy needle (Stille, Stockholm, Sweden) (2) . Approximately 30-50 mg of muscle tissue were obtained with each biopsy. This procedure yields a sample of mixed skeletal muscle. Blood and visible fat and connective tissue were quickly removed from the specimen, and the tissue was immediately frozen in liquid nitrogen and stored at -80°C for later analysis.
To measure leg blood flow at 180 min, a primed-continuous infusion of indocyanine green dye was started into the femoral artery and maintained until 240 min (2) . Between 200 and 240 min, blood samples were taken every 20 min from the femoral vein, an arterialized wrist vein, and the femoral artery. To allow sampling from the femoral artery, the dye infusion was stopped for < 10 s and then quickly resumed. Arterial samples were always taken after samples from the femoral and wrist veins to avoid interference with blood flow measurement. At 240 min (end of basal period) the second muscle biopsy was taken to measure concentration and enrichment of free amino acids and enrichment of protein-bound phenylalanine in muscle.
Exercise Study
The assessment of muscle protein kinetics and amino acid transport was repeated l-4 wk after the resting study in the same subjects after exercise. An 18-gauge polyethylene catheter was inserted into the left antecubital vein for drawing background blood samples and starting the primed-continuous infusion of labeled phenylalanine.
Subsequently, the subjects started the exercise protocol that consisted of an intense lower body resistance-training session. Before the resistance routine, the subject executed a lo-min warmup of light (< 100-W) cycling on a cycle ergometer.
Then the following resistance exercise routine was completed in -40 min: incline leg press, five sets of 10 repetitions (12 RM); and Nautilus duo-squat, leg curls, and leg extensions, four sets of 8 repetitions (10 RM). Each set was completed in -30 s, with 2-3 min of rest between sets. After completion of the exercise routine, the femoral arterial and venous catheters and the right wrist vein catheter were inserted, the first muscle biopsy was
]lysine, and L-[lJ3C]alanine infusions were started, and the protocol was continued as described for the resting study.
Analysis
Blood samples from the femoral artery and vein for determination of amino acid enrichment and concentration were immediately precipitated in preweighed tubes containing 15% sulfosalicylic acid. Simultaneously, a known amount of an internal standard mixture containing
]lysine, and L-[2,3,3,3-2H4]alanine was added to the tube and thoroughly mixed (2). The sulfosalicylic extract was frozen for later analysis. To determine the enrichment of the infused tracers and of the internal standards of free phenylalanine, leucine, lysine, and alanine in the whole blood, the nitrogen-acetyl-n-propyl esters (NAP) were prepared as described previously (2, 27 ). Blood samples from the femoral and arterialized wrist veins were collected to measure indocyanine green concentration in serum, as described elsewhere (2) . Leg plasma flow was calculated from steady-state values of dye concentration in the femoral and arterialized wrist veins (2) . Leg blood flow was calculated from the hematocrit.
Each tissue sample was weighed, and muscle protein was precipitated with 0.5 ml of 10% trichloroacetic acid. An internal standard solution containing the same isotopes used for the blood samples, but in different proportion, was added to the tissue and thoroughly mixed (2). The tissue was then homogenized and centrifuged, and the supernatant was collected to produce the NAP derivatives of intracellular free amino acids (2, 25 of the protein-bound phenylalanine enrichment in the first and second biopsy, as described previously (2) .
Concentrations
(C, nmol/ml) of free amino acids in blood Table I . Amino acid concentrations in basal and total muscle water were calculated as follows (2, 25) state and during postexercise recovery
where Q1s (nmol) is the amount of internal standard added to the sample, V is the volume of blood or muscle water, and EIs is the internal standard tracer-to-tracee ratio in blood or muscle water as measured by GCMS. Measured values of enrichment and concentrations relative to total tissue water were corrected according to Biolo et al. (2) to obtain intracellular values.
CaZcuZations. The kinetics of free amino acids in leg muscle have been described by the model shown in Fig. 1 (2) . Amino acids enter and leave the leg via the femoral artery (Fin) and femoral vein (Fout), respectively.
Free amino acid pools in arterial (A) and venous (V) blood and in muscle (M) are connected by arrows indicating the unidirectional amino acid flow between each compartment.
FMA and FvM refer to the rates of net amino acid movement from artery'to muscle and from muscle to femoral vein, i.e., inward and outward transmembrane transport, respectively. FM,0 for the essential amino acids phenylalanine, leucine, and lysine defines the rate of intracellular amino acid appearance from protein breakdown. In the case of alanine, F M,O represents the sum of release from protein breakdown and de novo synthesis from pyruvate. Because phenylalanine and lysine are not oxidized in muscle (2), F. M for these amino acids refers to the rate of utilization for protein synthesis. In the case of leucine, FoM represents utilization for protein synthesis plus oxidation. 'Each kinetic parameter is defined as follows (see Ref 
where CA and Cv are free amino acid concentrations in the femoral artery and vein, respectively, EA, Ev, and EM are amino acid enrichments in the femoral artery, femoral vein, and vastus lateralis muscle, respectively, BF is leg blood flow, and NB is net amino acid balance across the leg. The vastus lateralis muscle has been considered as representative of the total leg muscle, because its relative content of slow-and fast-twitch fibers is similar to that in the total leg muscle mass 
RESULTS
In the last 40 min of the resting and the exercise study, amino acid enrichments and concentrations in the femoral artery and vein were in near steady-state conditions. In Tables 1 and 2 , whole blood and intramus-800-cular values of free amino acid concentrations and enrichments in the basal resting state and during postexercise recovery are reported. Amino acid concentrations in all sampled pools did not change significantly after exercise. Arterial phenylalanine enrichment was lower after exercise than in the basal resting state. Consequently, whole body phenylalanine rate of appearance slightly but significantly increased after exercise from 0.63 t 0.02 to 0.66 t 0.02 pmolkg-l l rein-l (P < 0.05). The arterial enrichment of the other amino acid did not change significantly after exercise.
In the resting state, leg blood flow was 2.92 t 0.52 mlminl l 100 ml leg-l and increased (P < 0.05) after exercise to 5.56 t 0.52 mlmin-l l 100 ml leg-l. Consequently the rates of arterial delivery of amino acids from the systemic circulation to the leg (Fin) increased (P < 0.05) after exercise by -80% to -HO%, depending on the individual amino acid (phenylalanine, from 129 t 22 to 226 t 33 nmol min-l l 100 ml leg-l; leucine, from 337 t 52 to 668 t 70 nmolminl l 100 ml leg-l; lysine, from 557 t 80 to 951 t 78 nmolminl l 100 ml leg-l; alanine, from 820 t 141 to 1,404 t 222 nmolmii+= 100 ml leg-l). Figure 2 shows the values of inward transport from artery to muscle cells of individual amino acids in the basal state and after exercise. Transport rates of leucine, lysine, and alanine significantly (P < 0.05) increased after exercise by -60% to -120%, depending on the individual amino acid, whereas transport of phenylalanine did not change significantly. Figure 3 shows the calculated values of muscle protein kinetics at rest and after exercise. Values are expressed as the rate of intracellular phenylalanine utilization for protein synthesis (F& and appearance from protein breakdown (F M,O; nmol l minl l 100 ml leg-l). After exercise, protein synthesis was approximately double the resting value. Protein breakdown also increased after exercise, but only -50% with respect to the resting value. Consequently protein balance improved (became less negative) but did not shift from release to net uptake. These observations are also confirmed by the data obtained with the other essential amino acids (Table 3 ). In fact, th e rates of intracellular appearance from proteolysis (FMO) of leucine and lysine increased after exercise (Table' 3). Also lysine incorporation into muscle protein (FO,& increased after exercise. In agreement with the model-derived values of protein kinetics, the values of muscle protein synthesis obtained with the direct incorporation technique (Fig. 4 ) increased (P < 0.05) during the postexercise period.
DISCUSSION
The purpose of this study was to examine the changes of muscle protein kinetics and of amino acid transport -3 h after a heavy-resistance exercise routine in untrained postabsorptive volunteers. We found that, after exercise, the rates of muscle protein turnover and amino acid transport were increased. Protein synthesis and breakdown increased simultaneously but to a different extent. Synthesis increased by -lOO%, whereas breakdown increased by only -50%. Consequently, protein balance (synthesis minus breakdown) improved after exercise (becoming not significantly different from zero) but did not shift to a positive value. These results suggest that physical exercise can restrain net muscle protein catabolism but does not directly promote net protein deposition in the postabsorptive state. Thus exercise probably needs to interact with other factors, such as feeding, to promote muscle anabolism. In this study, the intracellular appearance of leucine, lysine, and alanine was greatly increased after exercise because of a simultaneous acceleration of transmembrane amino acid transport (FM*) and of breakdown of endogenous protein (FM J. Such'increased availability of intracellular free amino acids may have caused the postexercise stimulation of protein synthesis. An acute stimulation of protein synthesis mediated by an increased availability of free amino acids suggests a posttranscriptional mechanism, in agreement with the observation that RNA concentrations in muscle cells do not change immediately after exercise (7, 27, 28). The notion that increased amino acid availability can directly regulate protein synthesis is further supported by the fact that the rate of synthesis was enhanced during amino acid infusion (12) or in catabolic patients, in whom a large primary increase of breakdown occurs (3, 23b). In the present study therefore the acceleration of protein breakdown and amino acid transport may have contributed to the increase in protein synthesis. Because of the increase in amino acid transport, the changes in protein degradation have been more than offset by the increased rate of synthesis.
Our new method, which combines the arteriovenous catheterization technique and the muscle biopsy, allows the direct determination of the intracellular amino acid appearance from protein breakdown. The present study represents therefore the first direct assessment of the response of muscle protein breakdown to recovery from exercise in humans. We found that, after exercise, the absolute rate of protein breakdown was accelerated. This catabolic response almost counteracted the in- The arteriovenous catheterization technique across a limb (forearm or leg) combined with the systemic infusion of the isotopic tracer of an amino acid that is neither synthesized nor oxidized in muscle, i.e., phenylalanine, has been used to evaluate muscle protein metabolism (12). This approach, while preferable to the methods cited above, is still not accurate and underestimates the actual values of muscle protein breakdown by the amount of amino acids released from breakdown that do not appear in plasma, because they are directly utilized for synthesis. In fact, when in our study phenylalanine rate of appearance across the leg was calculated according to Gelfand et al. (12>, there was no significant effect of exercise (from 32 t 5 to 34 t 5 nmol l min-l l 100 ml leg-l). Furthermore, in the current study, whole body phenylalanine rate of appearance in plasma increased only slightly after exercise, whereas the whole body leucine and lysine rates of appearance did not significantly change after exercise. Such a small effect of exercise on blood amino acid kinetics, compared with the increase of muscle protein breakdown of -50% detected in this study, shows the inadequacy of the traditional techniques based on plasma measurements to assess the intracellular muscle protein metabolism. In this study, we have assessed the postexercise changes of muscle protein synthesis by using two different techniques simultaneously.
The results obtained with both methods were in agreement. Protein synthesis, measured as the rate of amino acid (phenylalanine and lysine) disappearance from the intracellular pool or as the fractional synthesis rate of protein, increased after exercise. Nonetheless these two methods are not equivalent.
The arteriovenous method provided an assessment of protein synthesis and breakdown at -3 h after exercise, whereas by the direct tracer incorporation technique, protein synthesis was measured over the entire incorporation period, i.e., between the first biopsy immediately after exercise and the second biopsy 3 h after exercise.
In our study, arterial amino acid concentrations did not change after exercise, but leg blood flow increased by -90% with respect to the basal resting values. Consequently the rate of amino acid delivery to muscle tissue increased proportionally (Fin), if it is assumed that no changes in blood flow distribution to leg tissues occurred. The fact that, after exercise, the rates of leucine, lysine, and alanine transport from the arterial blood to muscle increased by the same magnitude (60-120%) suggests that such increased amino acid delivery to the tissue may have enhanced amino acid transport.
The importance of blood flow in determining substrate uptake by tissues has been already shown for glucose (1) . Our study suggests that this mechanism may also be important for amino acid and protein metabolism. Thus physical exercise may not have a direct regulatory effect on the membrane transport systems, but its effect may be due to the increased amino acid delivery to muscle tissue secondary to the increased blood flow.
The intracellular availability of amino acids may not be the sole acute regulator of muscle protein synthesis, inasmuch as hormones and other factors may have direct effects. Nonetheless it seems clear that the rates of breakdown and inward amino acid transport are important factors. The importance of variations in inward transport can be appreciated when the difference between the anabolic response to exercise is compared with the catabolic response to critical illness. In both circumstances, the rate of breakdown is increased (3, 23b), but in the case of critical illness, inward transport is relatively impaired, rather than stimulated (3). As a consequence, muscle synthesis is not stimulated to the same extent as breakdown, with net catabolism resulting. Thus the increase in inward transport after exercise appears to be an important response that enables synthesis to increase to a greater extent than breakdown.
